The Late Cretaceous clastic coastal sediments of New Caledonia are contemporaneous with the latest stages of the eastern Australian marginal rifting. As such, they record the erosion of basement terranes located on uplifted and tilted blocks and a contemporaneous volcanic activity. Detrital zircon populations contain two major components, the younger of which is Early Cretaceous, and the older Early Paleozoic and Precambrian. Following recent advances in the knowledge of detrital zircon content of basement terranes, and at variance with previous interpretations, that hypothesised a possible direct Australian provenance for Precambrian zircons, the detrital zircon record of these syn-rift sediments allows a local recycled provenance to be established. In consequence, this new evidence confirms that New Caledonia was already isolated from Australia as early as Coniacian time (ca. 89-85 Ma) a fact consistent with the development of faunal and floral endemism at that period. The prominent abundance of Early Cretaceous detrital zircons also establishes the importance of a previously unrecorded Early Cretaceous magmatism in the area.
, the emerged parts of which forms present-day New Zealand and New Caledonia (Gaina et al., 1998a (Gaina et al., , 1998b Hall, 2002) . This view is supported by the many geological features which are shared by New Zealand and New Caledonia, and especially their Mesozoic faunal endemism (Wilckens, 1925; Grant-Mackie et al., 1977; Collignon, 1977; Freneix, 1980 Freneix, , 1981 . Meanwhile, sedimentation changed markedly in New Caledonia in Late Cretaceous times. The deep water volcaniclastic turbidites (commonly referred to as greywackes) and mélange which were formed in a fore-arc region (Cluzel & Meffre, 2002) from Triassic to mid-Cretaceous time (Adams et al., 2009; Cluzel et al., 2010) , changed to Coniacian-Santonian (early Late Cretaceous) unconformable coal-bearing sandstone accumulated in a marine deltaic environment. The sandstones are conformably overlain by Campanian-Early Maastrichtian carbonaceous siltstone; this change was synchronous with the onset of oceanic accretion in the Tasman Sea and South Loyalty marginal basins. Sedimentation continued during the Late Maastrichtian-Early Paleocene with pelagic chert-like "phtanite", and Late Paleocene to mid-Eocene micrite deposited throughout the area (see Cluzel et al., 2001 and references therein). The Late Cretaceous sandstones accumulated during the syn-rift period;
whilst Paleogene pelagic sediments may be related to the post-rift period (Aitchison et al., 1995a) . A very similar sequence of events is recorded by sedimentary rocks of the same age in New Zealand (see Laird & Bradshaw, 2004; Mortimer, 2004 and references therein).
Whether New Caledonia and New Zealand were still connected to Australia at that time by land bridges remains uncertain. The abundant Early Cretaceous and Precambrian zircon populations in sandstone led previous authors to conclude that some clastic material originated in Australia (Aronson and Tilton, 1971; Aitchison et al., 1998) because magmatic rocks of that age do not occur in New Caledonia. However, this conclusion has been recently questioned by the discovery of Early Cretaceous "greywackes" , which are a possible source for recycled zircons of this age. In addition, large amounts of Precambrian zircons have been found in sandstones of some basement terranes of New Caledonia (Cluzel & Meffre, 2002; Adams et al., 2009; Cluzel unpubl. data) which could thus be a local source. Moreover, an Australian connection is questionable because Late Cretaceous marine fossils, especially inocerams, trigonids and other bivalves, for a long time have been considered endemic (Freinex, 1980 (Freinex, , 1981 , as well as most fossil plants (Crié, 1888; Zeiller, 1889 ) thus suggesting isolation from Australia at that time.
This study is focused on the Late Cretaceous autochthonous sediments classically referred to as "Formation à charbon" which probably accumulated during the rifting of Australian margin, before the opening of Campanian marginal basins, which eventually separated New Caledonia and Australia. In this paper, we present new detrital zircon data from eleven sandstone and meta-sandstone samples collected along the island ( Fig. 1) and we explore their possible provenance; this new dataset allows an alternative interpretation and a comparison with coeval sediments of New Zealand to be proposed. (Paris, 1981) b) The parautochthonous Koné Formation (or Terrane), consists of Campanian hemipelagic sedimentary rocks (Carroué, 1972) , probably accumulated in a deep-sea fan offshore northeast New Caledonia.
Late Cretaceous rocks in
c) The Poya Terrane is formed of allochthonous slices of oceanic crust rocks and Campanian to Early Eocene bathyal sediments, which originated in the South Loyalty marginal basin, located to the northeast of the Norfolk Ridge. These slices were thrust onto the northern tip of the ridge in Late Eocene time (Cluzel et al., 2001) .
Autochthonous sedimentary cover.
Coniacian to Maastrichtian sediments are widespread in New Caledonia where they form the relatively thin unconformable cover of eroded Permian to mid-Cretaceous basement terranes. Extensive outcrops of these rocks occur in the Noumea (south) and Diahot regions (north of New Caledonia), because of Tertiary reclined folding and duplexing (Noumea), or isoclinal folding and ductile thrusting (Diahot) (Fig 1) . Due to tectonic complexity, no complete section actually exists and an accurate stratigraphic sequence of the Late Cretaceous rocks is difficult to establish, in spite of their marine and fossiliferous character (see Paris, 1981; and Maurizot et al., 1989) . In turn, conformable Paleocene to Eocene pelagic sediments overlie Late Cretaceous rocks.
Formation de Koné
Discrete slices of a parautochthonous Late Cretaceous (Campanian) hemi-pelagic unit composed of siltstone, argillite and chert, referred to as the Formation de Koné (Carroué, 1972; Paris, 1981) occur near Koné and Koumac (Fig. 1) . The unit has no known basement, contains no carbonaceous material, and has more distal facies than the typical autochthonous rocks of the same age. Currently, it is situated above Paleocene autochthonous sediments and below the allochthonous Poya Terrane and has everywhere faulted boundaries. It possibly originated on a continental slope, or directly upon older oceanic crust, to the north-east of New Caledonia and was picked up and thrust upon New Caledonia by the Poya Terrane and was finally overthrust by the latter. Siltstones of the Formation de Koné are too fine grained for detrital zircons to be extracted.
Poya Terrane
This mafic allochthon is composed of sliced basalt, dolerite, and bathyal sediments, which represent remnants of the South Loyalty Basin crust (see Cluzel et al., 2001) . These oceanic crust rocks have been erupted to form an oceanic floor to the east of present-day New Caledonia. Red chert and argillite, which are closely associated with pillow basalt contain Campanian to latest Paleocene or earliest Eocene radiolarians (Aitchison et al., 1995b; Cluzel et al., 2001) . The Poya Terrane rocks have been first scraped off the downgoing plate during east-dipping subduction, then accreted to the fore-arc region of the Loyalty Arc; and thereafter thrust onto New Caledonia during the Late Eocene, prior to the obduction of ultramafic rocks (Cluzel et al., 2001) .
Formation à charbon, lithology and geologic setting.

Noumea area
Within the Late Cretaceous sedimentary sequence of the Noumea area, two members have been distinguished on the basis of lithology and fossil content (Fig. 2) the Noumea basin was probably a half-graben controlled by a NW-SE trending fault. In the central part of the island, the transgression is slightly younger as indicated by the occurrence of proximal sandstone that contains gastropod fossils and rare Santonian ammonites at the base of the sequence (Paris, 1981) . This suggests that it formed the uplifted part of a tilted block. Bimodal volcanic rocks occur throughout the Coniacian-Santonian part of the sequence and include mafic tuffs, volcaniclastic breccia, rare lava flows (Paris, 1981) and
shallow intrusive rocks that display a clear volcanic-arc geochemical signature Nicholson, unpubl. data) . In contrast, rhyolitic pyroclastic flows (ignimbrite) belong to the alkaline series. All display evidence for contamination by continental crust rocks Nicholson, unpubl. data) . These geochemical features suggest that the rocks were formed during the thinning of continental crust in a supra-subduction or "postcollisional"environment (e.g. subduction reactivation following crustal thickening). The upper member completely lacks volcanic rocks, and is mainly composed of pyrite-rich carbonaceous siltstone and argillite indicative of a restricted or anoxic marine environment.
Fossiliferous nodules near the top of the sequence contain Campanian and Maastrichtian ammonites (Collignon, 1977) . Such features that suggest seawater stratification and an increasing depth through time are similar to that of basins controlled by tilted blocks in a passive margin.
Diahot Terrane
The Diahot terrane forms a large part of the Eocene high-pressure metamorphic complex of northern New Caledonia (Fig. 1 ) (Brothers and Blake, 1972) . In this terrane, Late
Cretaceous rocks have been metamorphosed to eclogite or blueschist facies, and commonly display prominent ductile deformation and recrystallisation (Clarke et al., 1997; Cluzel et al., 2001) , so that original features (both sedimentary and magmatic) have been partly erased.
According to Espirat (1963) and Maurizot (1989) , two lithologic units may be distinguished within Late Cretaceous rocks in this area; they are: i) the Tondo Formation, and ii) the Pilou Formation. The Tondo Formation mainly consists of metamorphosed and schistose carbonaceous mudstone, associated with some siltstone, fine grained sandstone and very rare conglomerate. The Pilou Formation that has provided Santonian to Campanian inocerams (Paris, 1981) , is thought to be younger than the Tondo formation but there is actually no clear evidence for this. It consists of monotonous pyrite-rich carbonaceous schist associated with mafic and felsic volcanic rocks metamorphosed into the blueschist facies. However, mafic boudins in highly sheared blue-or green-schist occasionally contain eclogite facies minerals (Fitzhebert et al., 2005) which suggest that the peak metamorphic grade was very high.
Small-scale stratiform polymetallic sulphide ore deposits (Cu-Pb-Zn) occur whithin the Pilou schist and felsic volcanic rocks. These were actively mined in the late 19th Century and have characteristics reminiscent of Kuroko type (or arc-related volcanogenic massive sulphide) deposit. Mafic volcanic rocks are dominantly arc-related, but minor alkaline rocks also exist (Picard, 1995) , a feature which suggests that either the Diahot Terrane was formed upon a thinned lithosphere under the influence of an active subduction (back-arc setting); or alternatively, that a metasomatised mantle source inherited from the Permian-Mesozoic active margin evolution remained below New Caledonia when the latter was rifted from the Lord Howe Rise.
The Late Cretaceous terrigenous sequences in both regions display a bulk upwards thinning and a gradational transition with the deposition of "Phtanites" (siliceous sediments and minor argillite) in the Late Maastrichtian-Paleocene and chert-and-micrite in the Early to mid-Eocene (Fig. 2) . Thus, the Late Cretaceous rocks likely represent a syn-rift sequence, whilst post-Cretaceous pelagic sedimentary rocks record the post-rift thermal subsidence (Aitchison et al., 1995a) .
In the Lord Howe Rise the Late Maastrichtian radiolarian-bearing gray and black chert sampled at the base of DSDP 207 and 208 (Burns et al., 1973) overlie slightly tilted older terranes on the FAUST 2 seismic lines ( Van de Beuque, 1999) . This suggests that post-rift thermal subsidence on the Lord Howe Rise occurred at about the same time as in New Caledonia. Data from the Whangai Formation in New Zealand (Moore et al., 1988 ) also shows this same regional fining upwards sequences consistent with "oceanisation" of marginal basins during the Campanian. Therefore, a provenance study of clastic material that accumulated in New Caledonia during the Coniacian-Santonian provides reliable constraints on the rifting process in this part of the Southwest Pacific.
4.Methods
Provenance study based upon mineral or lithic clastic material only is difficult because an accurate identification of the source rock is not always possible. In contrast, detrital zircon grains because of their high resistance to abrasion are a prominent component of mediumgrain clastic rocks. Zr-U substitution and the absence of initial Pb in the zircon crystal lattice allow zircons be used for U-Pb chronology, thus providing precise (1σ = ca. 1 to 4%) and accurate time constraints for crystal growth. In this study the laser inductively coupled mass spectrometry (ICPMS) method was used to obtain the age of 30 micron spots on zircon crystals picked from heavy mineral concentrates. This technique is now well established for obtaining the age of single zircon crystals in igneous, sedimentary and metamorphic rocks (Refs) . Although the technique is not as precise as solution based mass spectrometry, its small spatial resolution and rapid analysis (1-3 minute) makes it ideal for investigating detrital zircon in sedimentary rocks. Ten of the samples were processed and analysed at University of Tasmania (Hobart), and one (NCAL 24) at Macquarie University (Sydney).
Both of these laboratories use similar equipment (Agilent 7500 cs quadrupole ICPMS in conjunction with UV lasers), techniques and standards to determine the Pb, U and Th isotopic composition of zircons (see appendix 1).
Detrital zircon data
Eleven sandstone samples have been processed for detrital zircon dating, they have all been collected near the base of the Fm. à charbon and are Coniacian-Santonian with one exception: a Campanian carbonaceous siltstone (BOUR 13) collected in the upper part of the formation about 20m below the boundary with "Phtanites" at Col de Boghen (Loc. 3; Fig. 1 ).
As all samples except one have roughly the same Coniacian-Santonian age and similar sedimentary facies, they may be initially evaluated as a single group. The majority of the U-Pb age of the 484 zircon crystals analysed from the 11 samples ( Fig. 3 (Ewart et al. 1992; Bryan et al., 1997) and coeval rocks in New Zealand and on the Lord Howe Rise (Tulloch et al., 2009) . Distinguishing zircons derived from volcanic-arc magmatic rocks from those derived from rift-related rocks is not possible; therefore, the discussion has to be based upon different grounds.
The Permian-early Mesozoic population which is actually the smallest, has timeequivalents in volcanic or volcano-sedimentary rocks in local basement terranes and thus may be locally derived; but in contrast, there are no known outcrops of Precambrian rocks to account for the prominent Precambrian zircon populations. These must have either a direct but remote origin (the "classical" hypothesis); or alternatively, a local but recycled origin from underlying basement terranes. in the paucity of early Paleozoic zircon, and a minor but still significant Permian population ( Fig. 7c ).
Owing to the comparatively large size of the late Proterozoic-early Paleozoic populations in the three basement terranes, it is difficult to determine from which ones the zircons derive.
However, if the nature of the nearest basement rocks is considered (Table I ), it appears that, when the underlying rocks are volcaniclastic turbidites, Late Cretaceous sandstones generally do not contain "older" zircons; in contrast, when the closest basement at least partly consists of sandstone, Proterozoic and Paleozoic zircons do then occur. Thus, it appears that the older zircon populations clearly derive from locally eroded pre-Late Cretaceous basement rocks.
In addition, sandstones of the metamorphosed Diahot Terrane (north), for which there is no known basement, display the same features as those of the Formation à charbon (Fig. 6) ; therefore, they may have the same source and most probably accumulated upon an eroded basement of similar, if not the same, composition,.
Possible sources outside New Caledonia
Early Cretaceous volcanic rocks do not outcrop in New Caledonia and only a few occurrences of Early Cretaceous volcaniclastic turbidites have been recognised in the basement terranes, which do contain single zircon populations at ca. 130 and ca. 100 Ma respectively . In contrast, a large amount of Early Cretaceous felsic volcanic rocks of this age appears in the Whitsunday Province of Eastern Australia (Ewart et al., 1992; Bryan et al., 1997) and such a provenance could be advocated. Long-range (> 1,000 km) travel of sediments in deep sea fans is a common feature of passive and active margins as well (e.g., the Ganges deep sea fan, or the Nankaï Trough); however, under such circumstances sediment transits as mass flows and density currents, generating turbidites.
The Late Cretaceous sandstone of New Caledonia were deposited in shallow water an environment that was already cut off from the continental influence by the Tasman Sea and probably the New Caledonia Basin. It therefore seems unlikely, that the Early Cretaceous sedimentary rocks are directly sourced from the Whitsunday Province, and local provenances are more likely. This is also supported by the endemic character of Late Cretaceous marine benthic faunas of New Caledonia, which suggest very few direct links with eastern Australia.
As mentioned above (sect. 4), the Early Cretaceous zircon population is composite when considering the bulk sample set; however, each individual sample contains one or two, and rarely three of these five Early Cretaceous populations only, thus precluding one single provenance. With only a few exceptions (Temala 1), all samples contain a prominent Albian population (ca. 100-110 Ma), which may have a local source in basement greywackes (Adams et al., 2009; Cluzel et al., 2010) . However, Albian zircons alone represent about 30% of the total population (table 2) and thus seem over-represented if we consider their very scarce occurrence in rocks of this age in New Caledonia. Therefore, an origin outside New Caledonia remains possible, and Eastern Australia being an unlikely source, a provenance from New Zealand and its submarine extensions, or Lord Howe Rise merits consideration.
The rifting along the eastern Australian margin probably initiated in Early Cretaceous time (ca. 130 Ma) and was initially associated with intraplate volcanism (Ewart et al., 1992; Bryan et al., 1997) . Both rift-related extensional tectonics and magmatism migrated eastward from 130 to 85 Ma and affected New Zealand and the Lord Howe Rise during the 110-90 Ma interval (McDougall & Van Der Lingen, 1974; Tulloch et al., 2009; Collot et al., 2009; Higgins et al., in press) and New Caledonia at ca. 89-85 Ma . Thermal uplift, syntectonic sedimentation and erosion closely associated with the formation of graben and half-graben have been recognised in eastern Australia (Lister & Etheridge, 1989) , and in New Zealand (Tulloch & Kimbrough, 1989; Shaerer, 1995; Laird & Bradshaw, 2004 ). An unconformity between latest Cretaceous sediments and the underlying terranes appears on most seismic lines from the Lord Howe Rise. This indicated that at least parts of the Lord Howe Rise were subject to erosion whilst sediments accumulated in New Caledonia's graben, thus providing a plausible source for Cretaceous zircon populations; however, it is not clear whether sediments did cross into the future New Caledonia Basin or not.
A comparison with New Zealand
Although they are now 1800 km apart, New Caledonia and New Zealand share many geological features. Permian-Triassic and Jurassic macrofaunas share provincial characteristics (Campbell et al. 1985) and in both areas, Late Cretaceous-Paleogene sedimentary sequences (especially their Late Cretaceous syntectonic coal measures) are very similar (Tulloch & Kimbrough, 1989; Shaerer, 1995) . A precise reassembly of the many small continental fragments of northern Zealandia (Lord Hove Rise, Challenger Plateau, New
Caledonia and North Island New Zealand), which are over considerable areas now submerged and draped by Cenozoic sedimentary rocks, remains uncertain. A suggested reconstruction is given in Adams et al. (2009, Fig. 6a ). Therefore, in spite of some diachronism related to the marginal rifting process, they probably formed one single paleogeographic unit composed of a girdle of small islands located on uplifted blocks of the passive margin. With re-assembly of the many small continental fragments of the Australian margin (see Gaina et al., 1998a, b; Sutherland, 1999; Hall, 2002) (Fig. 8 (Adams et al., submitted) . It may be suggested that, as elsewhere along the former Australian margin, the diachronous eastward propagating development of horst and graben structure provoked the extensive erosion of uplifted basement terranes; whilst subsiding parts were buried and protected from erosion, and thus could not provide detrital zircon to syntectonic basins.
Therefore, the contrasting detrital zircon patterns of Late Cretaceous cover series in both New Zealand and New Caledonia, and the distance they would have travelled in such a case (see 6.2 above), preclude a New Zealand provenance for the zircon populations found in Late Cretaceous sandstones of New Caledonia.
Conclusion
The 120, 135, 300, 340, 405, 485, 570, 770 Cretaceous time (modified from Gaina et al. 1998; Sutherland 1999; and Hall 2002) to show the location of New Caledonia within Zealonia with respect to Australia and Antarctica.
There is still some uncertainty on the precise limits of continental fragments due to the Cretaceous stretching of continental crust. 
Zircon dating at GEMOC (CJA)
To minimise sample handling for zircon recovery, a 1 kg sample was collected at the field outcrop as 5 mm-size gravel, removing all weathered rinds, blemishes, inclusions and joint faces. This enabled direct crushing in a tungsten carbide swingmill 2-3 times, for 5-10 seconds, sieving at each stage through a single, 250 micron mesh sieve. The sieved material was washed and decanted several times in water, to remove mud-size fractions, thus retaining a 200-300 g sample in a ~30-250 micron size range, which was then dried. A heavy mineral concentrate was obtained from a 100 g portion in sodium polytungstate liquid, adjusted to a specific gravity of 2.95-2.98, from which about 500 zircon grains were then hand-picked as randomly as possible, i.e. taking all grains within a 1 mm microscope stage field of view. Of these, 50-100 grains were mounted in resin to be polished for LA-ICPMS (laser-ablation inductively-coupled plasma-source mass spectrometry) analysis.
Analytical protocols relating to ablation procedures, mass spectrometric analysis and data treatment are discussed in detail in Jackson et al. (2004) . These authors' preferred procedures were followed in this work, using a Merchantek pulsed Nd-YAG laser, frequency-quintupled to operate at 213 nm, and an Agilent 7500S ICPMS instrument.
In all cases, the ablated spot size was in the range 30-50 microns, with the ablation time about 60 seconds, preceded by 60 seconds background measurement, and followed by 60-120 seconds washout. Groups of 10-12 zircon sample grain analyses were preceded and followed by duplicate analyses of firstly, the in-house zircon standard GJ-1, and secondly, by 1-2 analyses each of the international zircon standards, MT-1 and 91500. The GLITTER data interpretation software package (www.els.mq.edu.au/GEMOC/) enabled analysis of U, Pb and Th absolute count rates, and all relevant isotopic ratios, during the run cycle, and the elimination of unstable beam intervals, and rejection of data where zircon core regions were inadvertently encountered.
Using the laser spot size of 30-50 microns enabled age measurements to be made adjacent to crystal margins, rather than cores, and preferably, close to crystal terminations (as defined by two crystal edges). Isotopic data were continually monitored during ablation to check that zircon cores were not being intersected. Efficient use of the instrument time dictated that strongly unimodal patterns were investigated only to analysis totals of N=33-50, bimodal patterns to N=50-70, and strongly polymodal patterns to N=100 (N.B. throughout this work 'N' and 'n' refer to dataset totals and subgroups respectively). This allowed significant age groups (n) comprising >10% to be revealed by three or more analyses (Andersen, 2005) . 
Zircon dating at Hobart (SM)
The LA-ICPMS method is now widely used for measuring U, Th and Pb isotopic data (e.g. Fryer et al. 1993; Compston 1999; Black et al. 2003; Kosler & Sylvester 2003 , Black et al. 2004 Jackson et al. 2004 , Chang et al. 2006 Harley & Kelly 2007 .
Approximately 100 g of rock was repeatedly sieved and crushed in a Cr-steel ring mill to a grain size <400 micron. Non magnetic heavy minerals were then separated using a gold pan and a Fe-B-Nd hand magnet. The zircons were hand picked from the heavy mineral concentrate under the microscope in cross-polarised transmitted light. The selected crystals were placed on double sided sticky tape and epoxy glue was then poured into a 2.5 cm diameter mould on top of the zircons. The mount was dried for 12 hours and polished using clean sandpaper and a clean polishing lap. The samples were then washed in distilled water in an ultrasonic bath.
The analyses in this study were performed on an Agilent 7500cs The correction factor for the 207Pb/206Pb ratio was calculated using 3 large spot of NIST610 analysed at the beginning and end of the day and corrected using the values recommended by Baker et al. (2004) .
Each analysis on the zircons began with a 30 second blank gas measurement followed by a further 30 seconds of analysis time when the laser was switched on. Zircons were sampled on 32 micron spots using the laser at 5 Hz and a density of approximately 1.5 J/cm2. A flow of He carrier gas at a rate of 0.6 litres/minute carried particles ablated by the laser out of the chamber to be mixed with Ar gas and carried to the plasma torch. Elements measured include 49Ti, 96Zr, 146Nd, 178Hf, 202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th and 238U with each element being measured sequentially every 0.16 s with longer counting time on the Pb isotopes compared to the other elements. The data reduction used was based on the method outlined in detail in Meffre et al. (2008) similar to that outlined in Black et al. (2004) and Paton et al (2010) .
Element abundances on zircons were calculated using the method outlined by Kosler (2001) using Zr as the internal standard element, assuming stoichiometric proportions and using the 91500 to standard correct for mass bias.
